Summary Insulin resistance and impaired insulin secretion are thought to be the primary defects in the pathogenesis of non-insulin-dependent diabetes mellitus (NIDDM). Disproportionately increased proinsulin relative to insulin levels are suggested to be an early indicator of a failing pancreas. We examined the relationship of fasting specific insulin, proinsulin, and 32, 33 split proinsulin concentrations, and the proinsulin: insulin ratio to the risk of developing NIDDM 3.5 years later in 65-74-year-old non-diabetic Finnish subjects participating in a populationbased study (n = 892) on diabetes and heart disease. Altogether 69 subjects developed NIDDM over a 3.5-year follow-up (cases). The cases were compared to randomly-selected gender-matched control subjects (n = 69) and control subjects matched for gender, glucose tolerance status (normal or impaired), and body mass index (n = 69). There were no differences in insulin concentrations between cases and random or matched control subjects [median and interquartile range; 123 (77-154) When cases were compared to matched control subjects a 1 SD increase in baseline proinsulin: insulin ratio was associated with a 1.37-fold risk (p = 0.020) of developing diabetes. Moreover, this association was independent of fasting glucose concentration at baseline. Thus, in elderly prediabetic subjects disproportionately increased proinsulin concentration, an indicator of defective insulin secretion, is associated with conversion to diabetes over a short time period. [Diabetologia (1995[Diabetologia ( ) 38: 1176[Diabetologia ( -1182 Key words Proinsulin, insulin, insulin secretion, noninsulin-dependent diabetes mellitus, epidemiology, follow-up study.
litus (NIDDM). Low acute insulin response to intravenous glucose was not associated with the risk of NIDDM [6] or was only a minor risk factor compared to insulin resistance [8] in the two prospective studies which have assessed both insulin resistance and acute insulin response in subjects who subsequently developed NIDDM. It is, however, not known whether acute insulin response is the optimal measure of insulin secretion. Impaired beta-cell function is manifested in part by disproportionately increased proinsulin relative to insulin levels [12] . Subjects with NIDDM have a disproportionate elevation of proinsulin concentrations [13] [14] [15] [16] [17] . According to cross-sectional studies, absolute proinsulin concentrations are also elevated in subjects with impaired glucose tolerance [15, [18] [19] [20] [21] [22] . Although some studies found proinsulin levels to be accompanied by similarly elevated insulin levels [15] , in several studies subjects with impaired glucose tolerance had elevated fasting proinsulin relative to insulin concentrations [19, 21, 22] . Few studies have investigated prospectivelY whether proinsulin concentration predicts conversion to NIDDM. Therefore, we examined insulin, intact proinsulin, and 32, 33 split proinsulin concentrations and proinsulin : insulin and split proinsulin: insulin ratios, and their relationship to the risk of developing diabetes 3.5 years later in 65-74-year-old non-diabetic Finnish subjects participating i~a a population-based study on diabetes and heart disease.
Subjects and methods
Subjects. The baseline cross-sectional study was conducted in Kuopio, eastern Finland from 1986 to 1988. The composition [23] and representativeness [24] of the study population which was a random sample of the Kuopio population aged 65-74 years have been previously described in detail. Altogether, 1,054 subjects participated (88 %) in the follow-up study performed from 1990 to 1991, on average 3.5years (42+ 4 months) after the baseline cross-sectional study as reported previously [25] . A total of 159 subjects who had diabetes at baseline were excluded from the study due to the presence of NIDDM. The 69 subjects who developed NIDDM during the 3.5-year follow-up are termed "cases" in this case-control study. Two groups of control subjects were selected from the participants who remained non-diabetic during the follow-up: 1) random control subjects (n--69) who were matched for gender only and 2)matched control subjects (n = 69) who were matched for gender, glucose tolerance status (normal or impaired glucose tolerance) and body mass index (BMI). Thus, this is a case-control study nested within a prospective cohort study. Unlike the procedure in a normal case-control study, assessment of the risk factors was made before the development of NIDDM.
Methods. Body mass index (BMI) was calculated as weight (kg) divided by height (m) squared and was used as an index of overall adiposity. The waist-hip ratio was used as a measure of body fat distribution as previously described [25] . Previously diagnosed diabetes was considered to be present, if the diagnosis had been made earlier by a physician [23] . The World Health Organization plasma glucose criteria for diabetes were used in the classification of subjects without previously diagnosed diabetes [26] .
Laboratory methods. Blood samples were taken between 07.30 and 09.30 hours after a 12-h fast. All subjects underwent a 75-g oral glucose tolerance test both in the baseline cross-sectional study and at the 3.5-year follow-up. Venous blood samples for glucose concentration were taken before and 2 h after the glucose load. Plasma glucose was determined by the glucose oxidase method (Glucose & Stat HGA-1120 analyzer; Daiichi, Kyoto, Japan). Fasting immunoreactive insulin (IRI) was determined by a double-antibody solid-phase radioimmunoassay [27] (Phadeseph Insulin RIA 100; Pharmacia Diagnostics AB, Uppsala, Sweden) which also detects proinsulin and proinsulin conversion products with considerable sensitivity. The interassay coefficient of variation for IRI was less than 8.7 %. Fasting serum specific insulin, intact proinsulin, and 32, 33 split proinsulin were determined from samples stored at -70 ~ for an average of 6.4 years (67-92 months) by means of highly specific two-site monoclonal-antibody-based immunoradiometric assays with interassay coefficients of variation of less than 10 % [28] . Data on stability of insulin-like molecules under these storage conditions for over 6 years are not available. However, the groups did not differ for the length of storage (mean + SD, 76.6 + 7.5, 75.9 + 6.0 and 77.0 _+ 7.0 months in diabetic cases, random control subjects and matched control subjects, respectively; p = 0.624) and it seems highly unlikely that there were differences in stability during storage between the groups.
In the specific insulin assay, the cross-reactivity with both intact proinsulin and 32, 33 split proinsulin was 5 %. There was no detectable cross-reactivity of insulin or 32, 33 split proinsulin in the intact proinsulin assay. Insulin did not significantly cross-react in the assay for 32, 33 split proinSulin and the cross-reactivity of intact proinsulin in this assay was 84 %. Assay values of 32, 33 split proinsulin were corrected for this by subtracting the corresponding proinsulin cross-reactivity. The assay of 32, 33 split proinsulin cross-reacts equally with 32, 33, des-32 and des-31, 32 split proinsulin. We use the term Random control subjects matched for gender only Matched control subjects matched for gender, glucose tolerance status (normal or impaired glucose tolerance), and BMI p-value for ANOVA based on the natural log transformation of the dependent variables.
ap < 0.05, bp < 0.01 Data are median, 25th and 75th percentiles 32, 33 split proinsulin to indicate the sum of these three molecules and we believe that the majority of these molecules are probably des-31, 32 split proinsulin. The sensitivity limit of the intact proinsulin and 32, 33 split proinsulin assays was 1.25 pmol/1. One subject had an intact proinsulin level and three subjects had 32, 33 split proinsulin levels below the sensitivity limits.
In the Tables the sum of the insulin-like molecules denotes the sum of fasting specific insulin, intact proinsulin and 32, 33 split proinsulin concentrations. The sum of the insulin-like molecules exceeds the measure of fasting IRI concentration by about 40 %. A possible explanation for this is the difference in calibration, since fasting IRI was determined at the laboratory of the Department of Internal Medicine at the University of Kuopio, Finland and specific insulin, intact proinsulin and 32, 33 split proinsulin were determined at the laboratory of the Department of Clinical Biochemistry at Addenbrook's Hospital, Cambridge, UK.
Statistical analysb
Data analyses were performed with the SPSS/PC + and SAS statistical software. The results for continuous variables are given as mean + SD or median and 25th and 75th percentiles (skewed variables). The chi-squared test (y 2) was used for evaluating differences in proportions between groups. Analysis of variance (ANOVA) was used to compare the means between groups. Due to multiple comparisons in Tables i and 2 , a significance level of 0.025 (0.05/2 = 0.025; significance level divided by the number of comparisons) should be used for testing pairwise contrasts to keep the overall experimental error rate at 0.05. The risk of developing diabetes associated with baseline specific insulin and proinsulin levels and ratios was assessed by proportional hazards regression analyses and calculating standardized odds ratios (OR) (relative odds associated with a difference of i SD in baseline insulin or proinsulin level or ratio). To improve skewness and kurtosis of the distributions, IRI, specific insulin, intact proinsulin, and 32, 33 split proinsulin values and proinsulin: specific insulin and split proinsulin: specific insulin ratios were natural log-transformed for statistical analyses and then back-transformed to their natural units for presentation in the Tables.
Results
Baseline characteristics of the study population are shown in Table 1 . There were no differences in age or waist-to-hip ratio between prediabetic subjects and random or matched control groups. The proportion of men was identical in all three groups since they were matched for gender. Random control subjects had lower prevalence of impaired glucose tolerance, BMI, and fasting and 2-h plasma glucose con= centrations compared to prediabetic subjects. There were no differences in the proportion of subjects with impaired glucose tolerance, BMI, or 2-h plasma glucose concentrations between prediabetic and matched control subjects. However, matched control subjects had slightly but significantly lower (0.2 mmol/1) fasting plasma glucose levels compared to prediabetic subjects. Table 2 shows baseline fasting IRI, specific insulin, intact proinsulin, and 32, 33 split proinsulin concentrations, sum of insulin-like molecules, and proinsulin: specific insulin ratios. Random control subjects had significantly lower fasting IRI levels compared to prediabetic subjects. However, matched control and prediabetic subjects did not differ regarding fasting IRI concentrations. Random control subjects had somewhat lower fasting specific insulin concentrations compared to prediabetic subjects, but this difference was not statistically significant. There was no difference in fasting serum specific insulin concentration between prediabetic and matched control subjects. Random control subjects had significantly lower intact proinsulin and 32, 33 split proinsulin concentrations and lower split proinsulin: insulin ratio at baseline compared to prediabetic subjects. Furthermore, the proinsulin: insulin ratio was lower in random control subjects compared to prediabetic subjects, but this difference was not quite statistically significant. Matched control subjects had significantly lower intact proinsulin concentrations and proinsulin: insulin ratios at baseline compared to prediabetic subjects. In contrast, 32, 33 split proinsulin concentration and split proinsulin: insulin ratio were not different between matched control and prediabetic subjects. The sum of insulin-like molecules was somewhat lower in random control subjects compared to prediabetic subjects, but this difference was not statistically significant. There was no difference in the sum of insulin-like molecules between prediabetic and matched control subjects. The risk of developing diabetes associated with baseline fasting IRI, specific insulin, intact proinsulin, and 32, 33 split proinsulin concentrations, the sum of insulin-like molecules, and proinsulin: specific insulin and split proinsulin: specific insulin ratios was also assessed by proportional hazards regression analyses and calculating standardized odds ratios (Table 3 ). For comparison we also estimated the risk of developing diabetes related to baseline age, fasting glucose level, impaired glucose tolerance, BMI, and waist-to-hip ratio. When prediabetic subjects were compared to the random control subjects, a 1 SD increase in baseline fasting IRI concentration was associated with a 1.34-fold risk of developing diabetes (p = 0.046). However, the fasting specific insulin concentration was not significantly related to the risk of developing diabetes (p = 0.238). On the other hand, a 1 SD increase in baseline intact proinsulin concentration was associated with a 1.39-fold risk (p = 0.016) of developing diabetes. A 1 SD increase in 32, 33 split proinsulin concentration was associated with a 1.51-fold risk (p : 0.009) of developing diabetes. Split proinsulin: insulin ratio was also associated with a significantly increased risk of diabetes (OR = 1.36, p = 0.019). Proinsulin: insulin ratio was related to a 1.28-fold risk of developing diabetes, but this association was not quite statistically significant (p = 0.071). The sum of insulin-like molecules was not significantly related to the risk of diabetes (p = 0.127). Impaired glucose tolerance was clearly the strongest risk factor for diabetes (OR = 13.0, p < 0.001). A 1 SD increase in baseline fasting glucose concentration was associated with a 1.78-fold risk (p < 0.001) of developing diabetes when prediabetic subjects were compared to random control subjects. The risk of diabetes related to baseline BMI (OR = 1.74, p --0.002) was of the same magnitude as the risk related to baseline fasting glucose. Age and waist-to-hip ratio were not significantly related to the risk of developing diabetes.
When prediabetic subjects were compared to matched control subjects (Table 3) , baseline fasting IRI (p = 0.858) or fasting specific insulin (p = 0.820) concentrations were not significantly related to the risk of developing diabetes. In contrast, a 1 SD increase in baseline intact proinsulin concentration (OR = 1.34, p = 0.024) and proinsulin: specific insulin ratio (OR--1.37, p = 0.020) was significantly associated with the risk of diabetes. The 32, 33 split proinsulin (p --0.458) or split proinsulin: insulin ratios (p --0.289) were not associated with the risk of developing diabetes when cases were compared to mat- ched control subjects. Neither was the sum of insulinlike molecules related to the risk of diabetes (p = 0.915). A 1 SD increase in fasting glucose concentration was associated with a 1.50-fold risk of developing diabetes when prediabetic subjects were compared to matched controll subjects. Although matched control and prediabetic subjects were matched for glucose tolerance status, prediabetic subjects had significantly higher fasting glucose concentrations compared to matched control subjects. Numerous follow-up studies have shown that an elevated glucose level is a strong predictor of diabetes development. Therefore, we also performed proportional hazards regression analyses comparing prediabetic subjects to random control subjects adjusting for baseline fasting glucose concentration and BMI (Table 4) . Baseline split proinsulin: specific insulin ratio was significantly related to the risk of diabetes even after adjustment for fasting glucose and BMI. However, the association of fasting IRI, intact proinsulin and 32, 33 split proinsulin concentrations with the development of diabetes was not independent of fasting glucose level and BMI. Furthermore, we performed proportional hazards regression analyses comparing prediabetic subjects to matched control subjects controlling for baseline fasting glucose concentration (data not shown). Baseline intact proinsulin [OR = 1.30, 95 % confidence interval (CI)= 1.00-1.69, p = 0.048] and proinsulin: specific insulin ratio (OR = 1.38, 95 % CI = 1.05-1.82, p = 0.021) were significantly associated with the risk of developing diabetes even after adjusting for fasting glucose level. In fact, after adjustment for fasting glucose, standardized odds ratios were not markedly different from the unadjusted odds ratios (Table 3) .
Discussion
Impaired insulin secretion plays an essential role in the pathogenesis of NIDDM. There is extensive evidence that in populations at high risk of diabetes, the primary defect in the development of NIDDM is insulin resistance [6, 8] with consequent hyperinsulinaemia [1] [2] [3] [4] . According to studies in non-diabetic relatives of NIDDM subjects the defect in insulin resistance is primarily in non-oxidative glucose metabolism [5, 29] . Nevertheless, in addition to insulin resistance, concomitant impairment of insulin secretion is thought to be necessary for progression to overt diabetes [7] . Accordingly, among subjects with impaired glucose tolerance a defect in insulin secretion which was manifested as low 2-h insulin levels after an oral glucose load predicted conversion to NIDDM [2, 30] . Furthermore, several studies have suggested that in some white populations impaired insulin secretion may be the primary defect in the pathogenesis of NIDDM [9] [10] [11] .
Our study is the first prospective study to show that beta-cell dysfunction, manifested as disproportionately increased proinsulin relative to insulin levels, is associated with short-term conversions to diabetes in elderly subjects. Subjects who subsequently developed diabetes in the present study were more obese compared to random control subjects which could explain their higher absolute intact proinsulin and 32, 33 split proinsulin concentrations as shown in previous studies [15, 22. 31] . However, prediabetic subjects also had significantly increased split proinsulin: insulin ratios compared to random control subjects implying that the elevation in split proinsulin levels was disproportionate relative to insulin levels. Furthermore. the proinsulin: insulin ratio was higher in the prediabetic subjects compared to random control subjects, although this difference was not statistically significant. There is evidence that proinsulin levels are not disproportionately increased relative to insulin levels in obesity [15, 22, 31] and therefore obesity cannot explain the elevated split proinsulin: intact insulin ratio in prediabetic subjects compared to random control subjects.
Absolute proinsulin levels are also elevated in subjects with impaired glucose tolerance [15. 18-22] . Furthermore. in several studies elevation of fasting proinsulin concentrations was disproportionate relative to insulin concentrations in subjects with impaired glucose tolerance [19, 21, 22] . Thus, it is possible that the high prevalence of impaired glucose tol-erance in prediabetic subjects could explain their elevated intact proinsulin and 32, 33 split proinsulin concentrations and proinsulin: specific insulin and split proinsulin: specific insulin ratios compared to random control subjects. Accordingly, intact proinsulin and 32, 33 split proinsulin concentrations were not significantly related to the risk of diabetes after adjusting for fasting glucose level and BMI (Table 4) . However, the association of split proinsulin: specific insulin ratio with the risk of developing diabetes was independent of baseline fasting glucose level and BMI (Table 4) . Furthermore, we also found in this study that prediabetic subjects had elevated intact proinsulin concentrations and proinsulin: insulin ratio compard to control subjects matched for glucose tolerance status and BMI. Moreover, the increased risk of developing diabetes associated with baseline intact proinsulin concentration and proinsulin: specific insulin ratio was independent of baseline fasting glucose concentration in prediabetic subjects compared to matched control subjects (data not shown). This means that increased proinsulin: insulin ratio in prediabetic subjects was not entirely due to the high prevalence of impaired glucose tolerance or somewhat higher fasting glucose concentration compared to matched control subjects but was related to the prediabetic state.
It is unclear why the risk of diabetes was more closely related to the split proinsulin: insulin ratio if prediabetic subjects were compared to random control subjects and to proinsulin: insulin ratio if prediabetic subjects were compared to matched control subjects. A possible explanation is that the 32, 33 split proinsu, lin assay is less precise at low serum concentrations than the assay of intact proinsulin. This is due to the 32, 33 split proinsulin assay being inherently a little less sensitive than the assay of intact proinsulin and the need to subtract the intact proinsulin cross-reactivity which adds further potential error.
Impaired glucose tolerance was clearly the strong, est risk factor for diabetes in the present study (Table 3). Fasting glucose level and BMI at baseline were also strong predictors of the development of diabetes which is in accordance with previous findings [3, 4] . However, baseline proinsulin concentration and proinsulin: specific insulin ratio were essentially as valid as predictors of diabetes risk as was fasting glucose when prediabetic subjects were compared to subjects matched for obesity and impaired glucose tolerance.
We have previously reported [25] that a high fasting IRI level is a risk factor for developing diabetes in the same elderly cohort as this case-control study. That was also the situation in the present case-control study when subjects who subsequently developed diabetes were compared to random control subjects (Tables 2, 3). Although prediabetic subjects also had somewhat higher fasting specific insulin concentra-tions than random control subjects, specific insulin concentration was not significantly associated with the risk of developing diabetes. There were no differences in the fasting IRI or specific insulin levels between prediabetic subjects and matched control subjects implying that elevated insulin levels in prediabetic subjects were at least partially related to impaired glucose tolerance and obesity. Accordingly, the association of baseline fasting IRI concentration with the risk of developing diabetes was not independent of fasting glucose level and BMI when prediabetic subjects were compared to random control subjects (Table 4 ). This contrasts with earlier studies in which fasting IRI concentration predicted the development of diabetes even after adjustment for obesity [6] or fasting glucose level and obesity [3] . These divergent results may be due to the lower power of the nested case-control design of the present study as compared to prospective cohort design of the previous studies [3, 6] . Furthermore, our study population was elderly and the follow-up period was only 3.5 years; therefore the lack of association between fasting IRI and specific insulin and subsequent diabetes when prediabetic subjects were compared to matched control subjects in this study may not be generalizable to younger age groups or to longer periods of follow-up. Lastly, we used specific insulin as contrasted to IRI in previous studies. In Tables 2 and 3 fasting IRI was significantly related to risk of diabetes when cases were compared to random control subjects.
Disproportionately high fasting proinsulin relative to insulin levels in prediabetic subjects could be caused by increased clearance of insulin or decreased clearance of proinsulin. Although the metabolic clearance rate of proinsulin is markedly lower compared to insulin [32] , in the basal state proinsulin and insulin concentrations are expected to be in equilibrium. Therefore, we only assessed the fasting proinsulin: insulin ratio. The disproportionately elevated fasting proinsulin concentration could also be due to hypersecretion of proinsulin by secretion of immature proinsulin-rich granules in beta cells in response to an increased demand for insulin [18] . The prediabetic subjects were, however, matched with a control group for obesity and impaired glucose tolerance which are both conditions associated with an increased demand for insulin. It is possible that prediabetic subjects had a reduced beta-cell mass which would require increased insulin production of each beta cell to maintain the same degree of insulin output. Finally, hyperproinsulinaemia in prediabetic subjects could be related to an intrinsic beta-cell defect and impaired processing of proinsulin or release of insulin [12] .
In conclusion, our results show that prediabetic subjects have disproportionately increased proinsulin relative to insulin levels but similar specific insulin levels compared to matched control subjects. Thus, in elderly prediabetic subjects disproportion-ately increased proinsulin levels, an indicator of defective insulin secretion, was associated with conversion to diabetes over a short period of time.
